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Executive Summary
Several of the underground storage tanks currently used to store waste at Hanford have been placed on the Flammable Gas Watch List, because the waste is either known or suspected to generate, store, and episodically release flammable gases. The Pacific Northwest Laboratory (PNL)(@ is studying alternative mitigation methods to reduce or eliminate the ability of the waste to retain and episodically release flammable gases. This work is being conducted for Westinghouse Hanford Company as part of the Hydrogen Mitigation project.
The objective of this experimental study is to develop a method to measure gas bubble retention in simulated tank waste and in diluted simulant. The method and apparatus should 1) allow for reasonably rapid experiments, 2) minimize sample disturbance, and 3) provide realistic bubble nucleation and growth. The scope of this experimental study is to build an apparatus for measuring gas retention in simulated waste and to design the apparatus to be compatible with future testing on actual waste.
The approach employed for creating bubbles in sludge involves dissolving a soluble gas into the supematant liquid at an elevated pressure, recirculating the liquid containing the dissolved gas through the sludge, then reducing the pressure to allow bubbles to nucleate and grow. For the technique to succeed, the gas must be sufficiently soluble in the supernatant liquid. Results have been obtained for ammonia as the soluble gas and SY1-SIM-91AY a chemically representative simulated tank waste. In addition, proof-of-principle experiments were conducted with both ammonia and CO, as soluble gases and sludge composed of 90-micron glass beads.
Results show that dissolving soluble gases into the interstitial liquid and then reducing the pressure provides a suitable method of creating bubbles for measuring bubble retention in waste. Because ammonia is very soluble in the simulated wastes, it was determined that reducing the pressure by applying a vacuum to the sample was a very effective and rapid method of nucleating and growing bubbles. Based on the success of this technique, we recommend that bubble retention measurements on real waste samples use the application of a vacuum to nucleate and grow bubbles.
The mechanism of bubble retention was also observed during these tests. For the sludges composed of glass beads, gas was observed to collect in both bubbles that fingered between the particles (dendritic bubbles) and bubbles that displaced the particles (both small round bubbles and large bubbles that fractured the sludge). In contrast, only small round bubbles that displaced particles were observed in the SY1-SIM-91A chemical simulant. It was also observed that gas bubbles did not readily coalesce in SY1-SJM-91AY presumably due to small particles armoring these bubbles. 
I .O Introduction
Several of the underground storage tanks currently used to store waste at Hanford have been placed on the Flammable Gas Watch List because the waste is either known or suspected to generate, store, and episodically release flammable gases. Episodic releases of flammable gases from waste tanks is an important safety concern. While each episodic release is unique, the underlying physical mechanisms governing retention of gas within the waste and the sudden release of this gas interrelate the separate events. In some of the observed cases, tank waste separates into an upper liquid layer, termed the "convective" layer, and a lower layer of settled solid particles, or sludge, termed the "nonconvective" layer (Allemann et al. 1990a , 199Ob, 1991 , 1993 . Much of the generated gas collects as bubbles in the lower sludge. The formation of bubbles, their retention, and their release are central to understanding and predicting the volume and rate of gas released during a release event.
To store the waste safely, the retention of flammable gases must be minimized, and the conditions resulting in sudden releases of flammable gases in potentially hazardous quantities must be avoided (Stewart et al. 1994) . Dilution of tank waste is currently thought to provide a passive mitigation of the problems associated with the large flammable gas releases. Waste dilution will be required to meet retrieval and transport requirements (Rieck 1994; Hudson et al. 1995) . Because of this, an understanding of the effects of dilution on gas retention behavior is necessary to anticipate and model potential safety and operational issues associated with downstream processing.
Previous laboratory efforts have focused on obtaining measurements of physical and rheological properties that are related to the waste's ability to retain gas. However, very few laboratory data exist on the amount of gas a waste can retain. Essentially no data exist on the ability of diluted waste to retain gas bubbles, and existing data are not sufficient to prove that dilution will mitigate the retention and episodic release of flammable gases from waste tanks (Stewart et al. 1994) . Accordingly, this work focused on developing an apparatus for measuring the ability of simulated sludge to retain gas bubbles.
Bubbles held in settled sludge in the lower part of a waste tank account for most of the gas retained by a waste, and this retention of bubbles therefore plays a pivotal role in gas release events. For a sludge to retain bubbles, the sludge must contribute forces sufficiently strong to resist the buoyant force that is causing the bubble to rise. Gauglitz et al. (1994) discussed bubble retention mechanisms in waste, which are generally classified into one of the five mechanisms shown in Figure 1 .1." Depending on the physical properties of the sludge and the depth of the retained bubbles, the bubbles have been observed to displace the sludge (round bubbles) and be retained by the yield stress of the sludge or to finger between the sludge particles (dendritic bubbles) and be retained by capillary forces.
Previous studies of bubble retention used a variety of techniques to create retained bubbles within simulated sludges. One recent approach involved dissolving a soluble gas into the supernatant liquid at an elevated pressure, mixing the liquid containing dissolved gas through the sludge by shaking the sample, then reducing the pressure to allow bubbles to nucleate and grow.'') P. R. Bredt has proposed exposing a waste sample to a high radiation dose to accelerate gas generation in sludges that will retain gas.@" The duration of the experiments in Bredt's approach can be shortened by combining one of the experimental techniques described in this report (see Section 6.0). In previous studies of gas-bubble retention in simulated waste, carbon dioxide (COJ was selected as the soluble gas for the initial proof-ofprinciple experiments. The approach described in this report extends this technique. Other techniques employed to create retained bubbles include mixing yeast with sugar to create C02 bubbles (Gauglitz et al. 1994; Hall 1993) . While this method provides uniform bubble nucleation and growth, sugar and yeast are not suitable for studies with real waste. Sparging gas into simulated waste has also been used to observe bubble attachment to solid particles (Bryan et al. 1991 (Bryan et al. , 1992 (Bryan et al. , 1993 , but this technique is not well suited for creating retained bubbles in settled sludge, because sparging the bubbles stirs the sludge.
Section 2 of this report presents the objectives and scope of this experimental study. The approach for creating retained bubbles and measuring bubble retention is then described in Section 3, followed by a detailed description of the apparatus, materials used, and procedures for conducting the experiments in Section 4. The results are then presented in Section 5 and discussed in Section 6 with an emphasis on the suitability of this approach for monitoring gas-bubble retention. Conclusions can be found in Section 7, and the detailed experimental procedure is contained in the appendix. Bredt (PNL) proposed creating retained bubbles by exposing real or simulated waste to radiation, similar to Bryan and Pederson's (1994) method of generating gas in simulated waste. Gas is generated by waste decomposition, and generation rate is controlled by adjusting radiation dosage. This experiment may take ten days or longer, so a more rapid experiment such as the one described in this report will be valuable.
Objectives and Scope
The specific objective of this experimental study was to develop a method to measure gas bubble retention in simulated tank waste and in diluted simulant. The apparatus allowed for the following:
Uniform distribution of bubbles.
Experiments performed rapidly (one or two elapsed days/sample) Minimal sample disturbance (after dilution)
Realistic bubble growth and nucleation
The scope of this experimental study was to build an apparatus for measuring gas retention in simulated waste and to design the apparatus to be compatible with future testing on actual waste. We also sought to improve the method and apparatus based on the results of these initial tests. The initial proofof-principle experiments used C02 gas to generate gas bubbles and fine silica particles (glass beads) in water as a waste simulant. Because the ultimate goal is to study actual waste, experiments were also conducted with ammonia as the gas and SY1-SIM-91A waste simulant (described in Section 4.2) as chemically representative of tank waste. These ammonia/SY 1-SIM-9 1A experiments should encompass most of the experimental difficulties that will be encountered with actual waste studies.
Approach
Within a fluid, bubbles tend to rise due to gravity. For a waste sludge to retain these bubbles, it must be sufficiently strong to overcome this buoyant force. For a specific waste sample, the volume of retained gas bubbles can be determined from measurements of the height of the waste level with and without gas bubbles. The volume of the retained gas should give a direct indication of the ability of a waste to retain gas bubbles.
For this study, the approach for creating bubbles in sludge involves dissolving a soluble gas into the Supernatant liquid at an elevated pressure, recirculating the liquid containing the dissolved gas through the sludge, then reducing the pressure to allow bubbles to nucleate and grow. A simplified schematic diagram of this experimental approach is depicted in Figure 3 .1. For the technique to succeed, the gas must be sufficiently soluble in the Supernatant liquid. A number of gases fit this criterion, including ammonia (NH,), nitrous oxide (N20), and COz.(a) While CO, is sufficiently soluble in water, chemical reactions between C02 and alkaline waste make COz undesirable with real waste. Nitrous oxide is a third less soluble in water than C02 and is a potential choice for studies with real waste. Some perfluorocarbons are more soluble in aqueous solutions than CO,, but these gases are known to decompose in highly alkaline solutions, so this class of gases is not suitable for real waste studies. Because of its high solubility in chemical simulants (Norton and Pederson 1994) and its expected similar behavior in real waste, ammonia is perhaps the best choice for use with real waste.
The volume of gas bubbles created by any technique can be increased by applying a vacuum to the simulants. The applied vacuum causes additional gas to evolve from the solution and contributes to the growth of existing bubbles by expansion of the gas. The application of a vacuum should result in less gas needing to be dissolved in the waste to provide sufficient bubble nucleation and growth.
(a) In a recent letter report entitled Experimental Methods to Generate Retained Bubbles in Simulated Sludges (April 1995), Gauglitz and Rassat discussed these gases and reported Henry's constants taken from the literature. Pacific Northwest Laboratory, Richland, Washington. 
Experimental
Developing an experimental scheme to study bubble retention in simulated wastes that can also be applied to studies with real wastes involves several factors: designing the apparatus with particular concern for the materials of construction; identifying simulated waste materials for proof-of-concept experiments leading to actual waste studies; developing experimental procedures; and identifying key operating conditions that must be investigated in scoping studies.
Apparatus Design
Figure 4.1 is a detailed design of the bubble retention apparatus with recirculating fluid that consists of four functional units: a clear test chamber for observing gas retention by the sludge, a recirculation pump and associated plumbing, a venting system with an optional exhaust to a vacuum system, and a gas feed system that includes a cylinder of compressed gas equipped with a regulator. The apparatus was designed to be adapted to study bubble retention in real waste with only minor modifications. As a consequence, the physical dimensions are small, and materials of construction are limited. The size limitations (a cylinder approximately 0.45 m long and 0.33 m in diameter) result from the anticipated need to conduct experiments in a hot cell with an airlock passage of fixed dimension. Physical and chemical compatibility of wastes, the radiation environment, and the apparatus drive the choice of apparatus materials. As shown in Fig. 411 , most fittings, tubing, valves, and the pressure gauge in the apparatus are constructed of type 316 stainless steel (SS). Specific Swagelok fittings and valves are identified in the drawing.
The choice of material for the test chamber is particularly critical and somewhat limited. The chamber must be transparent, able to withstand continuous operating pressures to 5 x l@ Pa (60 psig), resistant to chemical interaction with the sludge and supernatant liquid, and able to withstand radiation from the waste sample and background radiation in the hot cell. Polycarbonate (Lexan) has good clarity and meets the pressure requirement, but it is unacceptable because it is incompatible with ammonia and ammonium hydroxide. However, a polycarbonate retention column was used for scoping experiments with pressurized CO, gas, water, and glass particles. Plexiglass (acrylic) has good clarity and is compatible with ammonium hydroxide, chemical simulant SY l-SIM-glA, and ammonia. Although plexiglass is estimated to be safe to considerably higher pressures than were used in these preliminary experiments (up to 1.7 x l@ Pa with ammonia), this plastic is more shatter-prone than polycarbonate, and its safety limits should be further investigated before conducting experiments above 2.0 x 10s Pa (15 psig) with either chemical simulant or real waste. Other plastics considered for the test chamber include clear rigid polyvinyl chloride (PVC), polysulfone, and polymethylpentene. PVC is readily available in pipe sizes, has moderate transparency, and is chemically compatible, but it is not recommended for gas service. Polysulfone appears less chemically resistant, is less transparent, and is more difficult to obtain than the other plastics. Polymethylpentene has good chemical compatibility with chemical simulants and ammonia compounds and has excellent transparency, but it is difficult to acquire in appropriate tube dimensions.
The pump used in these preliminary studies was a diaphragm metering pump (Pulsatron Series E Plus) with a maximum liquid flow rate of 13 mL/min., a maximum operating pressure of 1.8 x lo6 Pa (250 psig), and a maximum fluid temperature of 87°C. The pump wetted parts (Teflon PTFE, Hypalon, and ceramic) appear chemically compatible with chemical simulant SY 1-SIM-91A and ammonium hydroxide and are, therefore, expected to be chemically compatible with real waste. However, this specific pump may not be suitable for real waste studies, because the hot-cell radiation environment may disrupt the integrated pump electronics. Before beginning the recirculating fluid bubble retention experiments on real wastes in a hot cell, the pump issue must be revisited.
Simulated Waste Matsrials
The simulated waste materials consist of three components: solid, liquid, and dissolved gas. The initial waste sludge (or settled slurry) consists of solid particulate settled in a liquid (or liquid with dissolved gas). In the experiments described here, sufficient liquid was introduced into the retention column to form a layer of supernatant liquid (-2 cm) on top of the sludge column (-15 cm). A range of waste sludge components were used in these experiments.
Solids
Two types of sludge solids were used. In proof-of-principle experiments with a variety of liquids and gases, 90-micron nominal diameter glass beads were employed. Other experiments were conducted with chemical simulant SY1-SIM-91A (Bryan and Pederson 1994) , a concentrated mixture of NaOH and sodium salts that forms a thick sludge and is chemically representative of the sludge in the waste tanks. The composition of the simulant is presented in Table 4 .1. The SY 1-SIM-91A simulant containing the trisodium salt of ethylenediaminetetraacetic acid is a saturated salt solution containing precipitated salt crystals. The simulant used in these experiments was centrifuged to separate the precipitated salt (and interstitial liquid) from the supernatant liquid.
Liquids
In the chemical simulant experiments, the centrifuged supernatant liquid fraction was used in conjunction with the interstitial liquid retained in the centrifuged solids. In the proof-of-concept experiments with glass particles, the liquid was either deionized water or ammonium hydroxide (VWR Scientific, 28-30 wt% as ammonia).
Gases
A number of gases, such as ammonia (NH,), nitrous oxide (N20), and (Cod, can be adequately dissolved in liquids. Table 4 .2 gives the solubility of these gases in water and the solubility of NH, in chemical simulant. Ammonia is the most soluble of these gases and is about two orders of magnitude more soluble than CO, in water. As a result of its relatively high solubility, and because it is a gas found in real waste tanks, it is considered the most suitable test gas for bubble retention studies with chemical simulant. Anhydrous ammonia (> 99.99%) was used in the chemical simulant tests. For proof-ofconcept experiments with glass-bead sludges, both CO, and liquid ammonium hydroxide (ammonia in water) were used. Experimentation with ammonia is more difficult than with CO, because of safety considerations (flammable and toxic gas). Nitrous oxide was not used in these experiments but remains a potential candidate for actual waste studies. It is potentially advantageous in that it, like NH,, is a gas found in waste tanks. However, it is an oxidizer and must be used safely with naturally occurring NH, and hydrogen gases in real waste samples. Also, the more limited solubility of N20, especially when the high salinity of a waste further reduces the solubility (Norton and Pederson 1994) , requires a higher gas pressure to dissolve sufficient gas into the sludge. 
Procedures
Two different bubble retention experiments were conducted. In the more complex experiments, a partially soluble gas was dissolved in the sludge by fluid recirculation. A sludge and supernatant liquid are placed in the sample column, a partially soluble gas of choice is delivered from a high-pressure cylinder into the top of the sample holder, the gas is mixed into the sludge/sluny by recirculating the supernatant liquid through the sludge until the sludge is uniformly mixed with supernatant containing dissolved gas, and the retention column is depressurized to nucleate and grow bubbles in the sludge. Details of this experimental procedure are given in the appendix (Section A. 1). In some of the added-gas experiments, depressurization to atmospheric pressure was insufficient to obtain the desired bubble growth, so vacuum depressurization was applied to achieve nucleation and growth.
A simpler experiment was also conducted by applying a vacuum to nucleate and grow bubbles from the naturally existing gas within %e sludge. In this experiment, the full features of the apparatus shown in Figure 4 .1 are not required. The simpler experiment entails placing the sludge and supernatant liquid in the bubble retention column and evacuating the headspace of the chamber to nucleate and grow bubbles. A detailed description of this procedure is given in the appendix (Section A.2).
In all of the experimental approaches, the bubble retention mechanisms are identified by observing the bubbles in the sludge layer, and the gas retention is quantified by monitoring the sludge and supernatant liquid levels during (and after) depressurization.
Conditions
Scoping experiments with a simulated waste of glass particles, water, and CO, gas were conducted to determine acceptable values for three operating parameters: 1) initial (equilibrium) C02 pressure; 2) sample depressurization rate; and 3) duration of recirculation. The first two parameters were previously identified using a proof-of-concept bubble retention apparatus described Gauglitz and &sat." In this earlier work, conducted exclusively with CO, as the soluble gas, a pseudo-equilibrium gas pressure of 2.5 x l@ Pa (22 psig) and a depressurization rate of about 6900 Pdmin. (1 psi/&.) gave good sludge growth in a reasonable period of time (30-40 min.). Similar operating conditions were found to give reasonable results with the recirculation apparatus described here. Therefore, the initial recirculating fluid bubble retention experiments focused on identifying the duration of recirculation needed to achieve a uniform equilibrium concentration of CO, gas solubilized in the water/90 micron glass bead sludge. The recirculation duration was varied from 30-360 minutes with a recirculation rate of about 2 mL/min.
Similar scoping experiments with ammonia as the gas and SY1-SIM-91A as a chemically representative simulant for tank waste were initiated. Ideal operating conditions have not been identified, although conditions necessary to achieve reasonable data were obtained: a minimum 240 minute recirculation at a rate of -2 mL/min. and an ammonia gas pressure of 1.7 x l@ Pa (10 psig), and depressurization to atmospheric pressure at a rate of -6900 Pa/min. (1 psi/min.) followed by vacuum depressurization at a rate of -1700 Pa/min. (0.5 in. mercury mg]/min.). The vacuum depressurization rate may be too slow and should be investigated further. Also, the 240-minute recirculation provided sufficient solubilized NH3 to give good bubble growth, but the duration was insufficient to reach an equilibrium condition. 
Results
"Gas retention experiments were conducted in the recirculating fluid bubble retention apparatus using several simulated wastes. Experiments with glass beads, water, and CO, were used to validate the experimental approach and to gain experience with the apparatus, and then experiments with ammonia as the dissolved gas were performed. As actual tank waste gas retention behavior is the driver for this work, experiments were conducted using a chemical simulant waste which mimics the chemical and, to a certain extent, the physical characteristics of real waste. Gas retention tests were performed using both the natural sample gas and, separately, by addition of anhydrous ammonia. 
Validation Experiments
Several experiments with simulated wastes consisting of 90-microndiameter glass particles, water, and dissolved CO, gas were conducted to validate the recirculating fluid gas retention experimental technique. Figure 5 .1 shows the effect of the duration of recirculation on the change in supernatant liquid level, or overall gas retention, as a function of time. In each of the data sets shown in Figure 5 .1, the CO, pressure was maintained at 2.4 x l@ Pa (20 psig) throughout the recirculation period, and the sample was depressurized to atmospheric pressure at the rate of 6900 Pa/&. (1 psi/min.). The elapsed time is measured from the start of depressurization, and sudden decreases in the liquid height represent gas release from the sludge. Figure 5 .1 shows comparable level growth and maximum values for recirculation periods of 120, 240, and 360 minutes. The variability of the m a x i m m liquid level rise in these experiments (2.84.2 cm) may be attributed to differences in the settled sludge strengths, and the maximum growth does not appear to correlate with recirculation duration. For example, the maximum sludge growth in the 360-minute recirculation experiment (2.8 cm) was less than that observed in the 120-minute (3.2 cm) and 240-minute (4.2 cm) tests. With a 30-minute recirculation period, Figure 5 .1 shows that insufficient CO, was dissolved into the water. A maximum liquid level rise of 0.6 cm was observed, and no gas was released from the simulated waste. Based on these studies, a 120-minute recirculation duration was determined to be adequate for the 90-micron glass bead/water/CO, simulated waste system, and the equilibrium CO, pressure (2.4 x l@ Pa) and depressurization rate (6900 Pdmin.) were confirmed to be suitable.
In these recirculationduration experiments, both the sludge heights and supernatant liquid levels were monitored as a function of time during the bubble growth. Figure 5 .2 shows the change in sludge height as a function of the liquid level rise for the four recirculation-duration experiments. This figure highlights information on both the magnitude and mechanism of bubble retention in the sludges. Dendritic bubbles, which often form in the lower regions of the sludge, frnger between particles and affect only the Supernatant liquid level. Large round bubbles and fracture bubbles, which sometime form at the top of a percolation zone between the round and dendritic bubble regimes, displace both solid particulate and liquid. Thus a change in liquid level without any change in sludge height is indicative of gas retention by dendritic bubbles, and where the liquid level rises at the same rate as the sludge level, gas is retained as round or fracture bubbles. The data of Figure 5 .2 suggest that the predominant mechanism of bubble retention in these sludges is by round and/or fracture bubbles. The mechanism of bubble retention also appears to be independent of the duration of recirculation, because all data points align near a line of slope one. 
Ammonia Gas with Simulated Sludge
To investigate ammonia as the soluble gas for bubble retention experiments in actual and chemical simulant sludges, initial scoping experiments were conducted with a sludge consisting of 90-microndiameter (nominal) glass beads and ammonium hydroxide. In these experiments, no additional gas was introduced into the sample. The dissolved ammonia in the ammonium hydroxide (ammonia in water) was induced to nucleate and grow as bubbles by applying a vacuum to the bubble retention test chamber. Figure 5 .3 shows the overall gas retention, represented as liquid level rise, as a function of applied vacuum for the glass particle/ammonium hydroxide sludge. At a pressure of -5.6 x 10" Pa (13.5 in.
Hg vacuum) the sludge column attained its maximum growth (4.3 cm) prior to gas release. At still lower pressures bubbles grew quickly, and gas release events occurred frequently and uncontrollably. For Growth in the water-based sludge is likely due to a combination of dissolution of a small amount of naturally occurring dissolved gases and water vapor. At -5.6 x 1 0 ' ' Pa (13.5 in. Hg vacuum), Figure 5. 3 shows that the supernatant liquid level had risen only 0.2-0.3 cm for this water/glass-particle system. Thus, the large level rise in the ammonium hydroxide/glass bead system was due predominantly to the growth and retention of ammonia gas bubbles. 5.4 shows the liquid level rise in the ammonium hydroxide/glass particle experiment as a function of the change in sludge height. Also shown in this figure are the results for an analogous simulated waste consisting of glass beads and carbonated water (120 min. recirculation data of Figure 5. 2). The differences in retention mechanism for the two sludges are indistinguishable. Both data sets in the figure show an initial growth period in which bubbles grow without displacing particles (to a liquid level rise of -0.3 cm), but the majority of retained gas is held in round and/or fracture bubbles that displace both the liquid and solid fractions. The mechanism of bubble retention is expected to be a function of sludge and liquid densities, the liquid-gas (bubble) surface tension, and other factors (Gauglitz et al. 1994) . In the cases of water and ammonium hydroxide with glass beads, the effect of density differences in the liquids on gas retention behavior is negligible. The results shown in Figure 5 .4 also suggest that surface tension differences between the ammonia and CO, systems are also unimportant.
Ammonia Gas with Chemical Simulant
Gas retention studies were conducted in chemical simulant (SY1-SIM-91A) on both a sample containing only naturally occurring gas (dissolved and tiny bubbles) and a sample with added anhydrous ammonia. Figure 5 .5 shows the liquid level rise (overall gas retention) as a function of vacuum pressure for the two simulant samples. The sample with added ammonia retained gas and gave a liquid level rise of 4.1 cm at a pressure of 4.2 x 104 Pa (17.5 in. Hg vacuum), whereas the unaltered simulant sludge only increased 0.7-0.8 cm at the same pressure. This indicates that the predominant mechanism of growth in the ammoniated sample was due to ammonia bubble retention. Gas release events were observed in the ammoniated simulant at lower pressures. shows that some gas retention (0.2-0.3 cm growth) occurred in the ammoniated sample following depressurization to atmospheric pressure (0 in. Hg vacuum) from the initial NH, recirculation pressure of 1.7 x 10s Pa (10 psig). To attain more significant gas retention in the simulant without the aid of vacuum depressurization, higher ammonia pressures and/or longer recirculation times are necessary. The -240-minute recirculation period used in the ammonia experiment was insufficient to achieve equilibrium between the anhydrous ammonia and the simulant sample. When recirculation was stopped, the ammonia supply cylinder closed, and the system isolated, the system pressure decreased 2.8 x 104 Pa (4 psi) in 18 minutes-suggesting that ammonia was continuing to be absorbed by the simulant. However, since sufficient ammonia was absorbed into the liquid to attain acceptable bubble growth with the enhancement of vacuum depressurization, it appears that the current operating conditions are reasonable, although not necessarily ideal. Figure 5 .6 compares the bubble retention behavior of the ammoniated chemical simulant with the glass particle/ammonium hydroxide simulated sludge. The mechanisms of retention in the two systems are somewhat different. As seen previously in the glass bead system, an initial liquid level growth to 0.3 cm occurred in which bubbles grew without displacing particles. After this dendritic growth phase, additional gas was retained predominantly as round and/or fracture bubbles which displaced both the liquid and solid fractions. Figure 5 .6 shows that the transition between these two retention regimes occurred abruptly. In the ammoniated chemical simulant, the transition from dendritic to round/hcture bubble retention occurs gradually, as indicated by the slowly changing slope during the initial bubble growth. The variations in retention behavior are possibly due to differences in the pore size distribution Hydroxide and SY 1-SIM-91A Chemical Simul&t/Ammonia Simulated Wastes of the sludges. Visual observation of the chemical simulant sludge indicated that some large void spaces (regions of incompletely settled sludge) existed that allowed appreciable bubble growth without displacing the sludge solids. However, in more tightly settled areas, bubbles displaced solid particulate and liquid even in earlier stages of the gas retention experiment. The net effect of this broad pore-size distribution in the chemical simulant sludge is the continuous shift in the retention mechanism from dendritic-like retention to round bubble retention. Visual observation of retained and released bubbles showed that gas bubbles did not readily coalesce in the chemical simulant SY 1-SIM-91 A, presumably due to small particles armoring these bubbles.
Discussion and Future Work
Three methods of varying complexity were used to measure bubble retention in simulated wastes. The amount of dissolved gas present and/or needed in the interstitial liquid to obtain significant bubble nucleation and growth determines the method to apply. The most involved approach requires that a gas be solubilized in the supernatant liquid under pressure while the fluid is recirculated, and then the system is depressurized under vacuum. The use of vacuum depressurization to enhance bubble nucleation and growth lowers the required gas pressure during the recirculation process and also minimizes the amount of gas that must be solubilized in the liquid to achieve suitable sludge growth. For marginally soluble gases (e.g., nitrous oxide), high gas pressure (> 1.5 x lo6 Pa estimated) requirements for simulant and real wastes are the limiting factor. For relatively soluble gases like ammonia, too much gas may dissolve into the liquid-and this may modify the sample chemistry. In the ammonia gadchemical simulant experiment discussed in Section 5.3, for example, a liquid level rise of 0.6 cm, equivalent to about a 3 mL volume increase in roughly 50 mL simulant, was detected in the retention column during the ammonia equilibration process. Although a considerable amount of ammonia dissolved into the sample, depressurization to atmospheric pressure resulted in only a 0.3 cm supernatant liquid level growth, more than an order of magnitude less bubble retention than desired. Vacuum depressurization was necessary when using ammonia as the soluble gas.
The approach of intermediate complexity also involves solubilizing a gas under pressure during fluid recirculation, but in this case depressurization to atmospheric pressure is sufficient to achieve the necessary slurry growth. Details of the experimental procedure for using the bubble retention apparatus shown in Figure 4 .1 in this type of experiment are given in the appendix (Section A. 1). This technique works well for gases of moderate solubility (e.g., C02 in water) and is the basis of the proof-of-concept experiments described in Section 5.1. As noted previously, however, C02 is not well-suited for real waste experiments owing to reaction of the gas with the alkaline waste.
The simplest approach to performing bubble retention experiments on sludges is to make use of existing dissolved gas in the sample. In this case, sludge growth is accomplished simply by evacuating the bubble retention column in a controlled manner. A procedure for performing such an experiment is outlined in the appendix (Section A.2). For this method to be successful, however, the sample liquid must contain sufficient dissolved gas to obtain the desired bubble growth as a result of dissolution upon evacuation. As shown in the data of Figure 5 .4, this approach was used successfully with a slurry liquid of ammonium hydroxide and simulated sludge. In this experiment, vacuum pressures of 5.6 x 104 Pa (16.5 in. Hg absolute) resulted in rapid sludge growth and simulated gas release events. Alternatively, sample evacuation can lead to bubble generation as a result of supernatant liquid evaporation. In the retention experiment conducted with glass beads, water, and no added gas (see Figure 5 .4), sludge growth is likely the result of a combination of the expansion of a small amount of dissolved air and some vaporization of the water at reduced pressure.
The relatively simple evacuation bubble retention experiments conducted on natural samples (no added gas) are particularly promising for the study of bubble retention in real waste. With the neat chemical simulant SY 1-SIM-91A sludge, about 0.7 cm growth due to bubble retention was observed upon evacuation to 4.0 x 104 Pa (11.9 in. Hg absolute), as shown in Figure 5 .6. Although this growth is five times less than desired in this apparatus, more retention could be readily achieved with a good vacuum pump/control assembly operated at still lower pressures. In real waste samples, sufficient naturally occurring gas may be more readily available than in chemical simulant by radiation-induced gas generation. This is the basis of bubble retention studies being conducted by P. R. Bredt.'" In his work, real waste samples and diluents are exposed to a radiation source at close range for 10 days or more to enhance gas generation, and bubble retention by the real waste at atmospheric pressure is monitored.
The evacuation bubble retention experimental approach described here coupled with gas generation accelerated by radiation appears to be a relatively simple, improved method for studying bubble retention behavior in real waste. The melding of the two existing techniques combines the advantages of both: gas generation by radiation dose closely mimics the ~t~r a l process resulting in actual waste gases of concern; sample evacuation reduces the length of time per experiment and provides for greater slurry growth. A likely scenario is to expose the real waste sample to a radiation source for two days, rather than ten or more, and then immediately evacuate the sample to grow bubbles and monitor the gas retention behavior of the waste.
(a) A parallel study to the work presented here is being conducted by Paul Bredt (see footnote b, p. 2).
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.O Conclusions
Several of the underground storage tanks currently used to store waste at Hanford have been placed on the Flammable Gas Watch List because the waste is either known or suspected to generate, store, and episodically release flammable gases. And the episodic release of flammable gases from waste tanks is an important safety concern. To store the waste safely, retention of flammable gases must be minimized, and the conditions resulting in sudden releases of flammable gases in potentially hazardous quantities must be avoided. Very few laboratory data exist on the amount of gas a waste can retain. The work described in this report focuses on developing an apparatus for measuring the ability of simulated sludge to retain gas bubbles; progress has also been made toward developing an apparatus and method for measuring gas bubble retention in simulated sludge. The specific conclusions of this work are as follows:
Dissolving soluble gases in the sludge liquid fraction followed by pressure reduction provides a suitable method of creating bubbles for measuring bubble retention in waste.
Applying a vacuum to the sample with dissolved gas was a very effective and rapid method of nucleating and growing bubbles, particularly when the bubble nucleation did not occur at ambient pressure.
Ammonia bubbles were successfully created in SY1-SIM-91A chemical simulant by applying a vacuum.
The mechanism of bubble retention was also observed during these tests. For the sludges composed of glass beads, gas was observed to collect in both bubbles that fingered between the particles (dendritic bubbles) and bubbles that displaced the particles (both small round bubbles and large bubbles that fractured the sludge). In contrast, in the SY 1-SIM-91A chemical simulant, only small round bubbles that displaced particles were observed.
0
Gas bubbles did not readily coalesce in SYl-SIM-91A, presumably due to small particles armoring these bubbles.
Recommendations for Future Studies
Based on the success of this technique, we recommend that bubble retention measurements on real waste samples use the application of a vacuum to nucleate and grow bubbles following a dosage of radiation sufficient to create a small volume of gas. 
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